In the facultative halophyte Mesembryanthemum crystallinum (common ice plant), irrigation with solutions containing NaCI induces an altemate mode of carbon dioxide fixation, Crassulacean acid metabolism (CAM). The salt stress protocol which we have established facilitates the study of CAM induction and the correlation of changes in metabolism and gene expression. We have studied the time course of mRNA induction for phosphoenolpyruvate carboxylase (PEPCase) (gene: ppc) and several other enzymes of carbon metabolism during stress. While CAM is not fully established for at least 10 days after the start of stress, mRNA amounts for PEPCase and for other CAM enzymes, such as Pyruvate orthophosphate dikinase, increase between day 2 and 3 after stress induction. Increases continue for at least 5 days. Concomitant with the increase of CAM transcripts, fluctuations in the mRNA amounts for genes rbcS and cab were observed. Transcript levels for these proteins decreased severalfold during a 3 to 4 day period.
Plants are subjected to a number of environmental stimuli, including stresses imposed either by lack of water or by increases in electrolyte concentration. Both drought and salt stress are probably perceived similarly. The effects of both stresses have been studied mainly at physiological levels and only in part biochemically. Genetic traits which contribute to salt tolerance are not yet sufficiently understood. As salt tolerance appears to be a multigenic trait only the simultaneous change of several or many characters would produce desired phenotypes. Up to now, however, it has been impossible to discern responses that are at the basis of the tolerance from the plethora of accompanying adaptations in metabolism. In our attempts to learn more about the basic regulatory mechanisms determining the phenotype 'salt tolerant,' we are studying characteristics which distinguish halophytic (i.e. salt tolerant) plants from glycophytic (salt sensitive) plants. ' The work is supported by the United States Department of We are using the facultative halophyte Mesembryanthemum crystallinum (common ice plant; Aizoaceae) which has been the subject of extensive physiological studies (reviewed in Ref. 3) . Under salt stress the plants utilize an alternative pathway for carbon fixation, CAM (11, 15) . While in the absence of salt the plants assimilate carbon (16) .
Construction of cDNA Libraries
The construction of cDNA libraries in Xgtl 1 and the isolation of clones specific for ppc, and PPDK (EC 2.7.9.1; gene: ppdk) have been described (21) . Additional libraries for mRNAs from unstressed plants and from plants stressed for 5 d were established in XgtlO and XZAP (Stratagene, San Diego).
Hybridizations and Immunological Detection Methods
Dot-blot hybridizations were performed as described (23) using identified cDNA clones (6, 16, 20, 21 (25) .
Specific proteins were detected using antibodies against maize and pearl millet PEPCase (21) and maize PPDK (1) and against rubisco from tobacco (18). Antibodies against pea SSU were used for immunoprecipitation of pSSU (2, 24) . Proteins after gel electrophoresis were transferred to nitrocellulose filters and processed as described (16, 21) .
In Vitro Translations
In vitro translation of total RNA or poly(A+) RNA and immunoprecipitations were performed as described (2, 16) . The translation products were separated by SDS/PAGE on either 8, 10, or 15% polyacrylamide gels as indicated in the figure legends.
RESULTS
High amounts of NaCl induce an increase in the activity of PEPCase in Mesembryanthemum crystallinum over a period of several days as demonstrated in Table I . After a slow Immunoprecipitations were carried out to verify the identity of the proteins synthesized in vitro (Fig. 3) . When translation products of mRNA from unstressed plants and plants stressed for 5 d were used for immunoprecipitation, PEPCase could be precipitated only from the products of mRNA from stressed plants. The amount of PEPCase present in translations of RNA from unstressed plants was too low to produce an immunoprecipitable band. In contrast, LSU was precipitated from the synthesis products of stressed and unstressed plants (Fig. 3a) in approximately equal amounts. When antibodies against SSU were used, pre-SSU was one of the major products of synthesis in RNA from unstressed plants (Fig.  3b) . SSU was, however, synthesized in much lower amounts with RNA from plants stressed for 5 d. The antibodies reveal two different sized pre-SSU both in stressed and unstressed plants. We know that this is due to different size transit peptides (DeRocher et al., unpublished data). The mature protein after transport of pre-SSU into chloroplasts results in only one band ofmature SSU (not shown). These experiments were done with controls using in vitro synthesized pea pre-SSU in transport assays with isolated pea chloroplasts (2, 24).
For the measurements of mRNA amount and changes during stress homologous gene probes were available for ppc (21) , ppdk (21), rbcS (6) , and cab (our unpublished data). For the detection of rbcL transcripts a spinach chloroplast gene probe was isolated (25) . The inserts from such clones were used to determine the relative amounts of specific transcripts (Fig. 4) . Dot-blot hybridizations revealed an approximately 40-fold increase of the amount of ppcA and ppdk mRNA in the plants within 5 d of stress (Fig. 4, a and b) . The increase is most pronounced during d 2 to 4. After approximately 6 d no further increase could be seen (not shown). This increase is reflected in the frequencies ofppcA cDNAs in libraries from unstressed and stressed plants, respectively (3) . Similar increases were observed for PPDK specific clones. In contrast, the dot blot hybridizations (Fig. 4, c and d) showed a decline for rbcS and cab mRNA amounts. This was again reflected in the frequencies with which cDNAs for these two transcripts were observed in stressed plants (3) . The mRNA amount for rbcL did not fluctuate during the experiments by more than a factor of approximately two (Fig. 4e) . In order to verify the immunological identification of the PEPCase-specific inserts, a cDNA clone which was shorter than full-length used for the studies reported here was sequenced. The insert had a length of 955 bp, with 505 bp of coding region (168 codons) with amino acid sequence identity of70.9% with the corresponding region from maize PEPCase cDNA. The sequence of a fulllength cDNA for the CAM-form of ice plant PEPCase has meanwhile been completed (20) . Total RNA was separated on agarose gels and transferred to nitrocellulose for Northern hybridizations. ppc mRNA (3,348 nucleotides [20] ; Fig. 5a ) increased during stress from almost undetectable levels in unstressed plants. Amounts The diagram (Fig. 6 ) summarizes our data in a schematic form. Changes in amounts ofproline, mRNA and protein are approximations. Proline accumulation, a common response in many species (13) , is observed increasing by a factor of five during d 1 ofthe stress ( 17) . Salt stress leads to changes in the expression of several genes of the basic energy metabolism of the plants. The fully functioning pathway. CAM is fully expressed approximately 8 to 10 d into the stress (1 1). Only at this time are all characteristics present: diurnal enzyme regulation, stomatal opening at night, and acid cycling. The time course of the induction period is characterized by rapid metabolic adaptations, such as the increase of free proline, followed by the slower build-up of a specialized carbon assimilation pathway. With respect to CAM enzyme induction this increase is reflected also on the level of mRNA expression. The long time interval (Fig. 6 ) between stress and completion of CAM switching makes it unlikely, however, that CAM is the principal metabolic trait that confers salt tolerance. Rather than being a primary stress response or the basis for the ability of the plants to tolerate salt, CAM represents a delayed response and long-term strategy for survival.
The changes in gene expression which we measured might reveal basic genetic mechanisms for adaptation which distinguish salt tolerant plants from glycophytes. Several other groups are involved in similar work (8, 9, 19, 22) using a slightly different approach in so far as they study gene expression in either salt adapted lines of glycophytes or the differences in gene expression between salt tolerant and sensitive genetic variants. One important character by which salt sensitive plants differ from halophytes as well as from the selected cell culture lines and salt tolerant cultivars is that glycophytes respond to salt stress by arrest of growth. Halophytes, in contrast, continue to grow under salt stress, or they gradually slow their growth rates under extreme conditions. We can, however, not exclude a basically different mode of reaction to salt stress by halophytes compared with the reaction of glycophytes. In the present analysis we have focused on gene expression changes in carbon metabolism pathways, a strategy for which previous physiological studies provided the rationale. From here the in-depth analysis of the CAM pathway can continue. Having established the experimental system we can now also study reactions, for which no previous knowledge exists, and changes in gene expression which are more intimately associated with the first 2 d of stress than CAM.
Changes in gene expression have been demonstrated in salt stressed plants (8, 19, 22) and following other environmental stimuli such as heat shock and anaerobiosis (7, 12) . A correlation has been suggested between some responses (14) and induced or endogenously regulated changes in hormones (22) . In the heat shock response (12) , initially observed as changes in mRNA amount for specific proteins, changes in the rate of transcription regulated by specific promoters have been demonstrated. We cannot yet distinguish between enhancement or cessation of transcription and regulation of mRNA life time in our model. We do know that the induction process, at least for ppc, is reversible. Relieving salt stress rapidly reduces ppc mRNA amounts, by 75% in 2.5 h (23), indicating that the up-regulation ofppc transcripts appears to be entirely environmentally controlled.
The amount ofmRNA for two enzymes ofCAM, PEPCase, and PPDK, increase from nearly undetectable levels of less than 0.01% of the mRNA, to levels on the order of 0.5% of all mRNAs (3) . At the time when ppc and ppdk mRNAs increase, mRNAs for rbcS and cab decrease. This decrease is only transient, since at later stages of stress the mRNA levels for these two proteins increase again, although not to the original level. Up-regulation of genes for CAM enzymes appears a logical response which prepares the plants for pathway Figure 6 . Schematic presentation of changes in abundance of specific mRNAs during the initial stress period. The change in relative abundance, approximately drawn to scale, of mRNAs for ppc, ppdk, rbcS, and cab is shown and the corresponding increase in enzyme amount and activity for PEPCase is included. For comparison, the increase of free proline, the first biochemical response measured so far, is complete after about 30 h (17) .
turnover of primary transcripts. In vitro transcription experiments with isolated nuclei from stressed and unstressed plants are presently being used to distinguish between these possibilities.
